The primary method was used for standardization and preparation of working solutions of 3 H and 14 C which were applied for calibration of the secondary instrument. Tritium and radiocarbon were assessed with the double-label counting of groundwater samples prepared for direct measurement. The combined uncertainty did not exceed 10% at low 222 Rn activity concentrations.
Introduction
The Ionizing Radiation Metrology Laboratory of the Center for Physical Sciences and Technology (FTMC), Lithuania, uses the triple-to-double coincidence ratio (TDCR) device for standardization of pure beta-ray emitters (e.g. 3 H, 14 C, 63 Ni) which is the absolute technique for radionuclide standardization. The TDCR instrument of FTMC is based on three photomultiplier liquid scintillation counting (LSC) system manufactured by VF, Czech Republic, and the electronic module MAC3 for pulse processing developed at the Laboratoire National Henri Becquerel (LNHB), France [1] . Meanwhile, the primary TDCR method designed to the radionuclide disintegration-rate determination problem was described in the work [2] of the former Institute of Nuclear Research, Poland, in 1981, and later became the main tool in liquid scintillation counting radionuclide metrology [3] . The CIEMAT/NIST efficiency tracing method was developed and widely used as another absolute method for radionuclide standardization involving liquid scintillation cocktails and instruments with two photomultipliers [4] [5] [6] [7] [8] . Further applications of LSC led to the assessment of activities of two nuclides in a single sample by the double-label counting [9] [10] [11] [12] , the low-level measurements of tritium and other radionuclides in complex solutions [13, 14] , enabling the research of impact of nuclear installations on environment. In 1963, the near-surface "RADON" type radioactive waste repository was installed in a forest about 30 km from Vilnius, the capital city of Lithuania, in a location sensitive to radionuclide migration in the biota. It was closed in 1989, the radionuclide inventory with activities above 1 GBq is presented in Table 1 .
Radionuclide release from the repository to groundwater was assessed by permanent monitoring by taking monthly samples from wells installed at different distances and directions around the vault. Tritium levels of up to 30 kBq l −1 were determined in the main groundwater flow direction, the transfer of tritium from the upper part of the saturated zone to the lower one was observed within 3-4 months after installation of new wells No. 41 and No. 42 in 2005 [16] . Radiocarbon activity concentrations were measured of up to 3 Bq l −1 at a distance of 5 m from the vault in well No. 4 in 2005-2006 [17, 18] . As the National Metrology Institute is involved in activities not only of pure metrology (maintaining the standard, ensuring traceability in the country by organizing local comparisons) but in various applications, too, including environmental aspects, the laboratory's capabilities were applied for groundwater samples measurement. By using the TDCR method, the activity of lowenergy beta emitters such as tritium and radiocarbon may be determined with standard uncertainties not exceeding 0.7% and 0.3% (k = 1), respectively [19] . That implies the use of the precise absolute activity measurement in combination with other low-background instruments for detection and quantification of different beta-emitters present in a single sample. In this work, we used our TDCR instrument for the calibration of the liquid scintillation spectrometer to measure 3 H and 14 C activities in groundwater samples without filtration and chemical preparation.
Theory
Due to a significant E max difference between the two betaparticle emitting radionuclides 3 H and 14 C (18.564(3) keV and 156.476(4) keV, respectively [15] ) this nuclide pair can be measured quantitatively in the same sample by using combined spectrometric and mathematical approaches such as the simultaneous equations method and the discriminator ratio method [9] . In the simultaneous equations method, the cumulative beta-ray spectrum of 3 H and 14 C is divided in two counting windows, and the net count rates N 1 and N 2 are recorded from each window:
where N 1 and N 2 are the net count rates (CPM, counts per minute) in counting windows 1 and 2, respectively, A 3 and A 14 are the activities (DPM, decays per minute) of 3 H and 14 C, respectively, 3 1 and 3 2 are the counting efficiencies (counts per decays) of 3 H in windows 1 and 2, respectively, 14 1 and 14 2 are the counting efficiencies of 14 C in windows 1 and 2, respectively. Thus, the activities to be determined, A 3 and A 14 , as unknowns of Eqs. (1) and (2) are solved to give and Equations (3) and (4) are used to determine tritium and radiocarbon activities in a single sample when the two counting windows contain a significant part of the beta-ray spectra of each of the two radionuclides. The four counting efficiencies, 3 1 , 3 2 , 14 1 and 14 2 are obtained from quench correction curves. Meanwhile, the discriminator ratio method requires only two counting efficiency values instead of the four necessary in the simultaneous equations method. However, this method is based on internal standardization, when repeated measurements of the same sample are carried out after adding gradually known amounts of 3 H and 14 C, consequently, there is a need to count each sample three times, and therefore, this method is more tedious [9] . In our work, the simultaneous equations method was applied with a modified determination of 14 C activity. The unquenched 3 H and 14 C spectra are shown in Fig. 1 . One can note from Fig. 1 that the maximum of the tritium beta-ray spectrum ends around the channel No. 310, and there is no impact of tritium on the LSC spectrum above the channel No. 350. 
Experimental
Since 2005, groundwater samples were collected on the monthly basis from 10 wells in the repository. For LSC sample preparation and measurement the cocktail Ultima Gold LLT (PerkinElmer) and 20 ml volume low-diffusion polyethylene vials (Zinsser) were used. The samples were prepared for measurement next day after they arrived in the laboratory. The original groundwater sample-tococktail mixing ratio was 10:10, then samples were left at temperature 13 °C overnight before counting with an ultra low-level LSC spectrometer Quantulus-1220. Samples were counted 3 cycles for 180 min. each sample, then cumulative spectra were analyzed (Fig. 2) . The external standard method was applied to monitor the level of samples' quenching by the SQP(E) parameter (Spectral Quench Parameter External) available in the Quantulus-1220 instrument with the 226 Ra source. The SQP(E) value varied from 756 to 768 in 2016-2018. The counting efficiency was corrected taking into account the SQP(E) value of each individual sample. The quench curves have been constructed for both 3 H and 14 C by calibrating the instrument with known activities of those radionuclides in reference solutions of chemical forms as tritiated water and 5 g l −1 of Na 2 CO 3 , respectively. The nitromethane (Fluke) as a quenching agent was added to the calibration mixtures composed of 10 ml of Ultima Gold LLT, 9.96 ml of distilled water, and 0.04 ml of standard solution. The amount of nitromethane (CH 3 NO 2 ) added ranged from 20 to 60 µl. Separate runs of calibration mixtures were prepared for each analyte. The standard solutions for 3 H and 14 C were obtained after standardization with the TDCR instrument available in the IRML laboratory. The massic activity of the standard solution was (25.54 ± 0.33) kBq g −1 (k = 2) and (31.097 ± 0.187) kBq g −1 (k = 2) for 3 H and 14 C on 1 January 2016, respectively. The counting efficiencies for 3 H and 14 C were 20% and 13% in windows and [350-500], respectively, for the SQP(E) value 760 as calculated from the quenching curves. In this paper, the main focus is concentrated at the samples from wells No. 41 and No. 42. These wells have been selected for this research due to several reasons: 1) they were installed at the main groundwater flow direction; 2) the distance to the source (0.5 m to the vault) was close; 3) the sufficient amount of groundwater was always found in these wells. To understand the feature of water the chemical composition (Cl − , NO 3 − , SO 4 2− ) and pH-value of groundwater samples were determined in the laboratory. The concentration of Cl − , NO 3 − , SO 4 2− in groundwater varied from 1.0 to 1.3 mg l −1 , from 5.3 to 16 mg l −1 , and from 4.0 to 5.2 mg l −1 , respectively. As compared to the open water samples from the local environment (Cl − , NO 3 − , SO 4 2− were from 10 to 39 mg l −1 , from 9 to 13 mg l −1 , and from 23 to 92 mg l −1 , respectively) the content of admixtures in groundwater was rather low. This had stipulated preparation of the LSC samples of a sufficient stability. The pH-values in wells No. 41 and No. 42 can be compared with the pH-values in well No. 8 that is at a distance of 54 m from the vault: they varied from 7.2 to 7.9, from 7.4 to 8.0, and from 7.5 to 7.7 in 2017 and from 6.8 to 8.1, from 7.2 to 8.0, and from 7.1 to 7.8 in 2018, respectively. No strong chemical effect governed to groundwater by the vault itself can be seen from these results. 
Results and discussion
In Figs. 2, 3 and 4, LSC spectra measured 3 days after samples taking are shown. In Fig. 2 , they indicate typical variation of 3 H/ 14 C activity ratio: much more pronounced 3 H activity concentration in well No. 41 while almost equal activity concentrations of both radionuclides in well No. 42. One can note the presence of 222 Rn (E α = 5490 keV, at the channel No. 570) and its decay products alpha-emitters 218 Po (E α = 6003 keV, at the channel No. 590) and 214 Po (E α = 7687 keV, at the channel No. 670). Taking into account that alpha-particles counting efficiency is close to 100% in LSC measurement [20] one can evaluate from the window [510-660] the 222 Rn activity concentration by about 8 Bq l −1 in well No. 42 (Fig. 3 ). Calculation shows that 222 Rn is in equilibrium with 218 Po, 214 Pb, 214 Bi and 214 Po within few hours. Therefore, beta-ray emitters 214 Pb and 214 Bi should also contribute to the spectra. It can be seen from LSC spectra that contribution of 222 Rn is either low and similar in different wells No. 7 and No. 42 ( Fig. 3) or it is undetectable by visualization (well No. 5, Fig. 4 ). The contribution of beta-ray emitters 214 Pb and 214 Bi to the windows and [350-500] can be evaluated by assuming their activity in a sample and applying respective counting efficiencies corrected for quenching. The samples can also be prepared later when 222 Rn contribution becomes negligible. In Fig. 5 , the spectrum of the same groundwater sample from well No. 42 taken 8 November 2017 is shown measured after the complete decay of 222 Rn. We can see from Figs. 4 and 5 that counting rates in the window [350-500] do not change dramatically after 222 Rn has decayed. We derive the uncertainty component due to 222 Rn daughters' impact for the determination of 14 C from the comparison of these counting rates (Table 2 ). Furthermore, this procedure was tested by radiochemical separation of tritium and radiocarbon from the original groundwater sample. For the extraction of 3 H the tritium columns (Eichrom) were used, while for 14 C a wet acidifying method was applied. Results were better than 10% for both analytes. The uncertainty budget for the particular sample (well No. 42, Fig. 5 ) is presented in Table 2 . The use of the products of the primary standardization allowed to minimize the calibration uncertainties (the determination of the counting efficiency) which were lower than 1% for both nuclides. The obtained combined uncertainty is sufficiently low for environmental applications. The course of activity concentration of 3 H and 14 C in groundwater from the repository site in the period 2016-2018 is shown in Fig. 6 . The results demonstrate the seasonal variations of measured radionuclides activity concentration and confirm the effectiveness of the physical barriers which prevented heavy leakage of radionuclides to groundwater.
Conclusions
The primary radionuclide standardization supports laboratory's capabilities in environmental studies. The TDCR instrument was applied for the production of working solutions of 3 H and 14 C that were used for calibration of LSC spectrometer. The direct LSC measurement of original groundwater samples for tritium and radiocarbon determination is an effective method when number of yearly analyses is quite large and the activity concentration of 222 Rn is around 10 Bq l −1 . The introduced uncertainty of calibration is low, while the quenching correction and the assessment of contribution of 214 Pb and 214 Bi are the main sources of the combined uncertainty. To reduce the relative impact on the analytical result by radon-222 decay products the delayed measurement can be recommended. The achieved accuracy is sufficient for environmental radioactivity applications and decommissioning studies. In general, monitoring results near a radioactive waste storage facility revealed that tritium might be present in groundwater together with radiocarbon, and the activities of these two radionuclides vary considerably with time.
